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A detailed radiative transfer calculation has been carried out to estimate the effects of rotational Raman
scattering (RRS) on satellite measurements of backscattered ultraviolet radiation. Raman-scattered
light is shifted in frequency from the incident light, which causes filling in of solar Fraunhofer lines in the
observed backscattered spectrum (also known as the Ring effect). The magnitude of the rotational
Raman scattering filling in is a function of wavelength, solar zenith angle, surface reflectance, surface
pressure, and instrument spectral resolution. The filling in predicted by our model is found to be in
agreement with observations from the Shuttle Solar Backscatter Ultraviolet Radiometer and the

Nimbus-7 Solar Backscatter Ultraviolet Radiometer.
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1. Introduction

The filling in of solar Fraunhofer lines, also known as
the Ring effect, has been observed in ground-based
observations (see, e.g., Grainger and Ring,* Harrison
and Kendall,2 Harrison,® and Barmore?). Several
explanations were put forth, including fluorescence
and rotational-vibrational Raman scattering, in an
attempt to explain these observations. Pure rota-
tional Raman scattering has emerged as the best
explanation for the Ring effect (see, e.g., Wallace® and
Brinkman®). Rotational Raman scattering (RRS) has
also been observed in the atmospheres of the Jovian
planets (see, e.g., Cochran et al.” and Price8).
Kattawar et al.® gave a comprehensive survey of
inelastic scattering, including both RRS and Brillouin
scattering. The magnitude of the filling in caused by
these two types of inelastic scattering was shown to
be a function of the input and observed state of
polarization, solar zenith angle, and surface reflectiv-
ity. The predicted filling in was found to be in
qualitative agreement with ground-based observa-
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tions. An empirical approach has also been used to
characterize the Ring effect at visible wavelengths by
the use of ground-based observations in parallel and
perpendicular polarizations (Solomon et al.19).

RRS has also been observed in satellite backscatter
ultraviolet (buv) measurements from the continuous
scan mode (Park et al.ll) of the Solar Backscatter
Ultraviolet (SBUV) radiometer. The RRS filling-in
effect on radiances measured with satellite UV ozone-
monitoring instruments such as the Total Ozone
Mapping Spectrometer (TOMS), SBUV, and SBUV/Z
is relatively small (of the order of =1%). Therefore, it
has not been accounted for previously in ozone-
retrieval algorithms. However, for highly accurate
measurements of weakly absorbing species such as
SO, and NO, and for internally consistent ozone
measurements at different wavelengths, it is impor-
tant to have a physical model that can accurately
predict RRS effects on buv measurements.

Here we describe a detailed theoretical model that
we developed to predict the RRS filling-in effect on
buv measurements. The RRS model shows the mag-
nitude of the filling in to be a function of wavelength,
instrument spectral resolution, solar zenith angle,
surface reflectivity, cloud height, and cloud fraction.
We compare the RRS model results with measure-
ments from the Shuttle Solar Backscatter Ultraviolet
(SSBUV) Radiometer and the Nimbus-7 SBUV Radi-
ometer in order to validate its spectral characteristics
as well as its dependence on solar zenith angle and
cloud effects.

20 July 1995 / Vol. 34, No. 21 / APPLIED OPTICS 4513



2. Rotational Raman Scattering

Rayleigh scattering includes both elastic and inelastic
scattering that produces multiple lines. The central
or Cabannes line consists of the translational Raman
spectrum (Brillouin component) and an elastic scatter-
ing component, which was called the Gross line by
Young.'?2 In asingle molecular scattering, a fraction,
f, of the scattered intensity is contained in the Ca-
bannes line. The remaining 1 — f of the scattered
intensity is contained in the rotational Raman lines.
In unpolarized light scattered by diatomic molecules,
f = fo, where fy is a function of average molecular
polarizability a and the anisotropy of polarizability 3,
as well as scattering angle ©, and is given by

(180 + 13€) + (180 + €Jcos? O

fo= - 1
(180 + 52¢) + (180 + 4eJcos? O )

(Kattawar et al.%), where € = (5/a2. The value of €
depends on the scattering molecule as well as on
wavelength. Bates!® developed formalisms to com-
pute e for both oxygen and nitrogen as a function of
wavelength. His formalisms agree well with labora-
tory data. Using these formalisms for air, we find
that € ranges from 0.360 at A = 200 nm to 0.230 at
400 nm. Figure 1 shows (1 — fy) as a function of © at
A =390 nm. Figure 2 shows (1 — fy) as a function of A
at© = 0°. For photons that have been scattered once
or have encountered the ground (or aerosol), it can be
assumed that in subsequent scatterings the scatter-
ing molecule is illuminated from all directions by
unpolarized light (Kattawar et al.®) In this case f =
fo, where f; is the solid-angle average of f, given by

— 18.0 + 1.0e

fo= 180+ 40¢ @)

In the Earth’s atmosphere, the rotational Raman
spectrum, L(v), is given by

L{v) = xn,Ln,v) + Xo,Lo, VK, (3)
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Fig.1. 1-fyand1— fo computed as a function of scattering angle
O at\ =390 nm.
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Fig.2. 1-fyand1 — fo computed as a function of wavelength at
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where xn, and xo, are the mixing ratios of nitrogen
and oxygen, respectively, and Ly, and Lo, are the
normalized RRS spectra of nitrogen and oxygen,
respectively. For single-scattered photons, K =
1-1 02)/(1 — fon,).  For photons scattered more than
once or reflected off the ground or cloud, we denote the
rotational Raman spectrum as L(v), which we com-
pute by using Eq. (3) with K = K = (1 - fy0)/
1 - f, N, Thevariation of K with scattering angle is
relatively small at a given wavelength (~4% from
O = 0° — 90°), and therefore K= K. The variation of
K with wavelength is much larger. For example, at
O=0,K=47atA=200nm,and K =29 at\ =
400 nm.

The rotational Raman spectrum consists of Stokes
and anti-Stokes lines. For Stokes lines, J — J + 2
ford=0,1,2,...,whereJis the rotational angular-
momentum quantum number of the initial state.
The frequency shifts for Stokes lines are approxi-
mated with good accuracy by Av = —(4J + 6B, (Pen-
ney et al.14), where By is the rotational constant for the
ground vibrational state. For anti-Stokes lines, J —
J—-2ford =2,3,4...and Av = (43 — 2)B;. The
relative line strengths, L, are given by

L, = Fiby_s, (4)

where F; is the fraction of molecules in the initial
state, J, and b;_j is the Placzek—Teller coefficient.
Here F; is approximated accurately by

Fy;=052J + 1)exp(—EJ/kT), (5)

where g; is a statistical weight factor that depends
on the nuclear spin of the molecule and Ej; is
the rotational energy that is approximated by
J(J + 1)hcBy. For Stokes and anti-Stokes lines,

b 3 3J+ 13 + 2
2T 503+ 123 + 3)

6)



331
by3-2 = 223+ 1023 -1)

(7)

respectively.

Figures 3(a) and 3(b) show Ly,(v) and Lo, (v) at A =
390 nm and at an atmospheric temperature of 273 K.
For nitrogen, g; = 6 and g; = 3 for even and odd J,
respectively, which gives the alternating line intensi-
ties shown in Fig. 3(a). For oxygen,g;=0andg; =1
for even and odd J, respectively, resulting in the
absence of even J lines in Fig. 3(b). Values of B, for
nitrogen and oxygen, 1.9897 and 1.4378 cm™1, respec-
tively, are taken from a summary in Penney et al.1*
Line strengths Ly,(v), Lo,v), and L(v) are normalized
such that the sum over both the Stokes and anti-
Stokes lines is equal to unity. In buv observations,
the backscattered radiance is measured at a single
wavelength, vy, and consists of photons that have
been elastically scattered and of rotational Raman-
scattered photons from a range of frequencies, vy +
Av;_.y. This type of measurement differs slightly
from laboratory measurements of rotational Raman
spectra in which the scattering molecules are excited
at a single frequency, vo, and observed over a range of
Raman-shifted frequencies, vo + Avj_j. The rela-
tive line strengths in laboratory spectra include a
factor [(vo + Avs_.31a3)/vol%, whereas L; used in Eq. (4)
should not include this factor.

3. Rotational Raman Scattering Effects on Backscatter
Ultraviolet Radiances

Kattawar et al.° gave a formalism to compute the
filled-in spectral response for the ground-based obser-
vation of a single isolated Fraunhofer line against a
continuum. Their calculation assumed that the fre-
guencies of the rotational Raman lines coincided with
the continuum. Therefore, the frequency and inten-
sity variation of the individual rotational Raman lines
did not need to be accounted for. In buv observa-
tions, however, the Fraunhofer lines are not isolated,
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Fig. 3. Rotational Raman line strengths L (normalized such that
the sum over all lines is equal to unity) for (a) N, and (b) O, for
radiance measured atA =390 nmand T = 273 K.

and the rotational Raman line structure must be
included in the computation of the filling in. We
have therefore developed a formalism to include the
spectral and intensity distribution of the rotational
Raman lines described above.

To quantify the RRS effect on buv radiances, we
define the filling-in factor, k(\y), to be

Im()\o) - f IR()\)B()\ - )\o)d)\

k()\o) =
f I-NBIN — AgJdA

Im )\0 - I_R’)\O
= M , (8)
IRO\O)

where I(\o) is the measured radiance at effective
wavelength g, Ig(\) is the monochromatic radiance
calculated by the use of traditional (elastic) Rayleigh
scattering models, B(\ — \o) is the instrument band-
pass, and Ig(\y) can be thought of as the slit-averaged
computed radiance. In the following sections we
compute k by using increasingly complex models
of atmospheric scattering, starting with a single-
scattering model. We do not include the effects of
aerosols except in the case of clouds, which are
modeled simply as a Lambertian reflecting layer.
In this study we treated the Cabannes line, including
the Brillouin component, as a single line (i.e., we
ignored Brillouin scattering). We simulated the ef-
fect of Brillouin scattering by using a rough shape of
the Brillouin spectrum from Kattawar et al.® We
found the Brillouin contribution to be negligible (a
filling-in factor of less than 0.01%) in all cases.

A. Single-Scattering Model

In the simplified case of single-scattering, Iz(\) can be
computed according to

I\ = FAP(O, \)

X f exp|—al(\)Sx(p) — B(ASpldp, (9)

Po

where F(\) is the solar flux, P(O©, \) is the phase
function for an isotropic Rayleigh scatterer (which
has a small wavelength dependence caused by the
wavelength dependence of €), o is the ozone absorp-
tion coefficient per unit ozone amount, B is the
Rayleigh scattering coefficient per unit pressure, S is
the slant path or geometrical path defined as the
sec(8p) + sec(6), where 0q is the solar zenith angle and 6
is the satellite zenith angle, and x(p) is the column
amount of ozone above pressure p. Note that for
nadir-viewing instruments, scattering angle O is equal
to w minus 6,. Because P(O, \) is of the form a +
bcos2©, PO, \) = Pl6g, \]. Likewise from Eq. (1),
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fo©) = fo(80). The measured radiance is given by

Im()\o) = ffo()\)lR()\)B()\ = NoldA

-

X BN — AoJdA, (10)

f[l — fo\JJLIN = NI\ JdN’

where L(\) is the complete rotational Raman spectrum
of air, including both Stokes and anti-Stokes lines as
outlined in Section 2. The first term in Eg. (10)
represents photons in the Cabannes line that have
not been Raman scattered from the incident wave-
length. The second term in Eq. (10) represents pho-
tons that have been Raman scattered to the wave-
length of observation from wavelengths shifted by
amounts appropriate for Stokes and anti-Stokes lines.
Because the variation of fo(\) with \ is small for typical
instrument bandpass (FWHM of approximately 1 nm
or less), Eq. (10) can be written as

|m(7\o) = fo()\o)JA IR()\)B()\ — NoJdA

+ (1 = o\ f U L\ — x')lRo\')dw}
X BN — NoJdA. (11)
Alternatively, I, (\o) can be written as
Im(No) = [C1(No) Tr(Nol] B(—Xo)
= Cilho) [Irihg] B(=No)
= Cio) Ielhol 12)

where denotes convolution. Here Cy(\o) is given by

Ciho) = folNgld(No) + [1 — folho]|LN), (13)

where 8(\g) is the unit impulse function and the
subscript 1 denotes single scattering. Substituting
in Eq. (8) gives

Cilg TRA
ihg) = 200 e _"), Ny (14)
IriNo)

Note that the filling in caused by RRS results not
only from the Fraunhofer structure in the solar
spectrum but also from atmospheric absorption.
In the Earth’s atmosphere, the strong wavelength-
dependent ozone absorption in the UV bands can
cause a small amount of filling in. However, if the
atmospheric transmission is relatively constant with
wavelength, the filling-in factor may be computed as
described above by the substitution of solar irradi-
ance F(\) in place of Ig(\). In this case it is not
necessary to compute the filled-in response at high
resolution and then to convolve the result with the
instrument function. In fact, one obtains the best
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Fig. 4. Measured solar irradiance from the SOLSTICE and
SSBUV instruments as a function of wavelength.

results by computing the filling in by using a solar
spectrum observed with the same instrument at the
same resolution as the observed backscattered spec-
trum, i.e., by replacing Ig by Fin Eq. (14).

In Fig. 4 the dotted curve shows a solar spectrum
taken with the solar-stellar irradiance comparison
experiment (SOLSTICE) instrument (Rottman et al.15
and Woods et al.l6), The SOLSTICE resolution
shown in Fig. 4 is 0.2 nm, and the average wavelength
step spacing is approximately 0.089 nm. The solid
curve shows an SSBUV solar spectrum. The resolu-
tion of the SSBUV spectrum is approximately 1.1 nm.
The deepest Fraunhofer lines in this region of the
spectrum are the calcium Il K and H lines at 393.37
and 396.85 nm. Other strong lines include the Mg |
line at 285.21 nm and the Fe |l (a blend) line near
358 nm. Figure 5 shows kj(\o) (in percent) from 280
to 400 nm computed at the SOLSTICE resolution for
0o = 45° (dotted curve) and at the SSBUV resolution
also for 6, = 45° (solid curve). The structure in k(o)
is anticorrelated with F(\q) because of both the filling
of Fraunhofer lines and the depleting of peaks in
F(Ao. Negative values represent depletion rather
than filling in. The magnitude of the filling in is

........ " Tilling in at SOLSTICE resolution
——. Filling in at SSBUV resolution

% Filling in

280 300 320 340 360 380 400
Wavelength (nm)
Fig. 5. Single-scatter filling in, k;, as a function of wavelength
computed at the SOLSTICE and SSBUV resolutions for solar
zenith angle 6y = 45°.



smaller at lower resolution, because bandpass averag-
ing over a larger bandpass or slit has the effect of
decreasing the strength of the Fraunhofer lines. The
filling in was computed with an atmospheric tempera-
ture of 273 K (as will be done in following calculations).
The effect of temperature on the filling in is small
(AK/AT = 0.0042%/K). The purpose of Fig. 5 is to
illustrate the dependence of the filling in on instru-
ment spectral resolution. Therefore, we neglected
the filling in caused by absorption in the Earth’s
atmosphere. The main effect of including terrestrial
absorption is at wavelengths between 300 and 340 nm,
where the radiance changes rapidly with wavelength.
Figure 6 shows the filling in computed with and
without terrestrial absorption at the SSBUV resolu-
tion from 300 to 340 nm.

B. Multiple-Scattering Model without Reflection

For multiple scattering without reflection, I_R()\) is
given by

TN = > TN, (15)
n=1

where I_n()\) is the component of the total backscattered
intensity from the nth scattering. In this case, if we
drop the (Ao} in the notation, k(\o) is given by

1. c_
+ > kn
n=2

where En is the filling in caused by photons that have
undergone n scattering events. Here k,, is given by

=
=)

k:kl

(16)

R R

ky= —— — 1, (17)

where En is El convolved with itself n — 1 times.
For example, in the case of n = 2,

62(7\0) = E1()\0‘) *61()\0)

+(1 - fA L

fo23(\g) + 21 — TolLIN)
# LN, (18)
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Fig. 6. Single-scatter filling in computed with and without terres-
trial absorption as a function of wavelength at the SSBUV resolu-
tion.

where f, is the solid-angle average of f, defined
earlier. The second term in Eq. (18) represents pho-
tons that have been Raman scattered once into the
observed wavelength. The lasttermin Eq. (18) repre-
sents photons that have been Raman scattered twice.
The wavelength shifts of second-order rotational Ra-
man-scattered photons can therefore be as large as
twice the wavelength shifts from first-order Raman-
scattered photons. The fraction of photons that have
been Raman scattered twice into the wavelength of
observation from the far Raman wings is small be-
cause of the (1 — fo? factor. In fact, one can simplify
Eq. (16) by neglecting higher-order terms in (1 — f,).
In this case, k, simplifies to

o [2F,8(N\o) + 2(1 — fo)LINg) — dNo)| * 15 .

5 ==

Ir

== " 2=2k, (19)

K, = nki, (20)
L &,
K=ki=—+k D n—- (21)

Note that because C; depends on Iy and f,, C, for
the multiple-scattering case is not the same as C, for
the single-scattering case. We have used a radiative
transfer model based on successive iteration of the
auxiliary equation (Dave!’) in a pseudospherical atmo-
sphere (DeLuisi and Mateer!8) to compute the normal-
ized backscattered intensities, I, (caused by unit solar
flux) at every iteration or order of scattering for a
given wavelength, solar zenith angle, satellite scan
angle (we assumed nadir view for all calculations), and
surface pressure. In the radiative transfer model,
the atmosphere is divided into thin shells for the
incoming and outgoing rays. For intermediate higher
orders of scattering, a plane—parallel atmosphere
approximation is used. Recent calculations by Cau-
dill*® show that total intensities computed by the use
of a full spherical radiative transfer model agree with
the pseudospherical radiative transfer model to within
~0.2% for nadir-viewing observations with solar ze-
nith angles up to 88° at the wavelengths that are used
here. Inthe radiative transfer calculation, a tempera-
ture and ozone profile are specified. At each wave-
length the Rayleigh scattering coefficient and effec-
tive ozone absorption coefficient are also specified.

Equations (16) and (21) can be thought of as taking
a weighted average of the filling in over all compo-
nents of the radiance. We evaluated the summa-
tions in Egs. (16) and (21) up to 8 orders of scattering.
The last order contains the intensities of all higher
orders of scattering. Table 1 gives values of In/IR for
n=1,2,3,and4...xat6, = 0° 45° 81°, and 88° for
A = 360nm and A = 393 nm. Most of the total

20 July 1995 / Vol. 34, No. 21 / APPLIED OPTICS 4517



Table 1.  1I,/Ir(%)for A = 360 nm and X = 393 nm
60 (A = 360 nm) 0o (N =393 nm)
n 0° 45° 81° 88° 0° 45°  81° 88°

60.5 58.0 56.3 59.9 679 66.0 638 66.2

234 237 232 217 215 220 223 210

94 101 106 96 70 7.7 84 7.8

..® 6.7 82 99 88 36 43 55 50

A OwWN PR

backscattered intensity results from the first scatter-
ing. The fraction of the total intensity in the higher
orders of scattering is greater at 360 nm because of
the A~* dependence of Rayleigh scattering. The frac-
tion of the total intensity contained in the higher
orders of scattering increases with solar zenith angle
up to 81°, but it then begins to decrease at higher
solar zenith angles. _

Figure 7 shows k; (solid curve), k, (dotted curve), and
k (dashed curve) as a function of solar zenith angle at
393 nm near the center of the Ca K line at SSBUV
resolution. There are two effects that contribute to
the solar zenith angle dependence of k. In the first
term of Eq. (21), the single-scattering dependence of k;
on g is due to fo in Eq. (1). In the second term of Eq.
(21), k; has no solar zenith angle dependence from f,
but the intensity distribution over the orders of
scattering varies slightly with 8. The single-scatter-
ing effect is responsible for the majority of the solar
zenith angle dependence. The main effect of the
higher orders of scattering is to increase the filling in,
although the solar zenith angle dependence is slightly
smaller for k than for k;. The next subsection ex-
tends the above model to include the effects of surface
reflection.

C. Multiple-Scattering Model with Reflection

In the presence of a Lambertian reflecting surface
with reflectivity R, the normalized backscattered
intensity, Iz, at solar zenith angle 6,y (U = cos 6g)

-

TTT VT s T T [TV T erT
A

b o=

% Filling in

123

IR RR RSN EARAR)

N
|

20 40 60 80
Solar Zenith Angle

-
< I AREEREEN]

Fig. 7. Single-scatter filling in, k;, computed at A = 393 nm as a
function of solar zenith angle; solid-angle average of single-scatter
filling in, k;, and filling in at A = 393 nm, k, including effects of
multiple scattering and excluding surface-reflection effects.
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observed at the top of the atmosphere with satellite
zenith angle 6 (1 = cos ) is given by

1&lR = 0] + Rigpohy(k) + R?1g(kohy(Sy

+ R3GHohy(WSp2 + - -

_ RI4(Ho
IR =0) + f’i“—gs(tl)' (22)

IR =

where I4Ho) is the total radiance reaching the surface,
vyl is the transmittance of the radiance reflected
from the surface, and S, is the component of the
reflected surface radiance that is reflected by the
atmosphere back to the surface. Both I, and y(p)
can be expressed as the sum of direct and diffuse

components. The product of Iy and vy is then given
by
1o HolY(H) = [Ho exp(—To/Mo) + gllexpl—7/k) + t]

= Ho expl—To/Holexp(—1/1)
+ Ho exp(—To/Holt + g exp(—7/p) + gt,
(23)

where W exp(—To/uo) and g are the direct and diffuse
components of I4) respectively, and exp(—/p) and t
are the direct and diffuse components of v(y), respec-
tively. We used the above-mentioned radiative trans-
fer model to compute the intensities of t, g, and Sy in
addition to Ig(R = 0) at every order of scattering.

The filling factor, including the effects of multiple
scattering and surface reflection, is given by

KR=0I{R=0 R

Ir Ir

21 En[gn eXp(_T/H) + thHo exp(_TO/HO)J

+ E E kn1+n2;gn1 n, + =
ni=1 nz=1 I

R

E E E\nlJrnz)[gnlenz eXp(—T/H)

ni=1 np=1

+ th, Spn,Ho expl—To/Ho)

o0
2 k\nl+ n2+n3‘»gn1tn28bn3

expl—7/Hlo eXpl—o/Ho)f + -+ -,
(24)

where the subscripts on Sy, g, t denote the order of
scattering. We can simplify Eq. (24) by using the



approximations given in the last subsection. Then
kIR = 0J1xR = 0)
k = —
Ir
+ I_—l [RIjyNg + R21ySying + ny)
R
+ R3lySpAng+ 2n,) + -+ -], (25)
where
Z.ns,
=2 o 26)
n=1 b

_ Ngg expl =7/ + Nethlo exp(—1/Hg] + NGt

R

lo(Hory(H)
27)
n, = }1 nS” , (28)
n, = ili - (29)

Ny np=1 gt

Equation (25) may now be written in closed form
according to

El RIg'YnR
1-RS,

Rzlg'YSbnb )
(1 - RSy

(31)

Ir

Table 2 gives t,/t, Spn/Sp, and g,/g forn =1, 2, 3
andn =4...oat\ =393 nm for 6, = 0°, 45°, 81°,
and 88° (t,/t and Sy,/S, remain constant with ).
Table 3 lists I,/lg (R = 0), t/t, Spn/Sp, and g,/g for
n=1,2,3andn =4...ofor A\ = 393 nm, 6, = 45°,
and surface pressures of 0.6 and 0.3 bar. The inten-
sity distribution is seen to shift toward lower orders
of scattering as the surface pressure decreases.
Table 4 gives Ig(R =0}, lgy, Sp, Ho€Xp(—To/Ho),
exp(—1/u), g, and t for 8, = 0°, 45°, 81°, and 88° at \ =
393 nm and surface pressure of 1 bar.

Table 2. ty/t, Spn/Sp, and g,/g (%) for A = 393 nm

gn,/g: 0o
n to/t Sbn/’/Sb 0° 45° 81° 88°
1 64.8 63.1 64.8 61.7 56.9 55.3
2 225 22.6 22.5 23.4 25.0 25.6
3 8.0 8.6 8.0 9.0 10.5 1.1
— 4.7 5.7 4.7 5.9 7.6 8.0

Table 3. I,/Ir(R = 0), t,/t, Spn/Sp, and gn/g (%) for X = 393 nm, 6, = 45°,
and Surface Pressure P=0.6and P= 0.3

P =0.6 P =03

n In/ﬁIFR tn//’t Sbn//sb gn,//’g In,/IFR tn//’t Sbn/Sb gn/g

753 723 747 721 847 822 844 825

184 19.7 187 199 129 145 131 143

47 56 4.8 57 20 27 2.1 2.6

.o 16 24 1.8 23 04 06 0.4 0.6

A WN P

From Table 4 one can compute the radiance from
each term in Eq. (22). For low reflectivities, the
majority of the total backscattered radiation is due to
the Ig(R = 0)term (approximately 70-90% of the total,
depending on solar zenith angle), and all terms involv-
ing Sy, are negligible (contribute less than 1% to the
totall. At high reflectivities, the Rlyy term in Eq. (22)
becomes the major contributor of the total radiance,
contributing approximately 50-70% of the total radi-
ance. At high reflectivities the Iz(R = 0) term drops
to less than 35% of the total radiance and the terms
involving Sy, become significant, with the first S, term
contributing 12—-15% of the total radiance. The main
change in the intensity distribution with solar zenith
angle is in po exp(—7o/Ho). At low solar zenith angles,
Ho exp(—To/Ho | represents ~80% of I4L), whereas at
high solar zenith angles it contributes only ~20% of
Ig(Ho)-

In Egs. (21) and (31), the filling-in factor is seen to
increase with the average number of scatterings.
As described above, the average number of scatter-
ings depends on several factors, including solar zenith
angle, surface reflectivity, and pressure of the reflect-
ing layer. Figure 8 shows the filling in, k, at 393 nm
computed as a function of solar zenith angle for
surface reflectivities of 95%, 20%, and 8% at a surface
pressure of 1 bar. A 95% reflectivity is a good
approximation of reflectivities observed over ice.
A 20% reflectivity approximates that observed over
old snow. A reflectivity of 8% is indicative of ocean
and land that is not covered with snow or ice. At the
low solar zenith angles, the filling in decreases with
increasing reflectivity. In this case the direct compo-
nents of I, and y (which undergo no molecular
scattering) increase with reflectivity, thereby decreas-
ing the filling in. However, at high solar zenith
angles the filling in increases with increasing reflectiv-
ity, because of an increase in the average number of
scatterings. The increase in the number of scatter-
ings results both from an increase in the reflected
diffuse component and from multiple reflections be-
tween the surface and atmosphere. Figure 9 shows
the filling in at 393 nm as a function of solar zenith
angle, but for a surface reflectivity of 80% (indicative
of clouds) at surface pressures of 1.0, 0.6, and 0.3 bar.
As expected, the magnitude of the filling in decreases
with decreasing surface pressure (increasing cloud
height) as the average number of scatterings decreases.
The filling-in factors in Figs. 8 and 9 were computed
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Table 4. Components of Iz for Unit Solar Fluxat A =393 nm
0 (deg) IR(R=0) lgy Sh Mo exp(—To/Ho) exp(—1/u) g t
0 0.0473 0.2230 0.2482 0.2164 0.6797 0.0501 0.1573
45 0.0341 0.1478 0.2482 0.1305 0.6797 0.0461 0.1573
81 0.0126 0.0213 0.2482 0.0047 0.6797 0.0208 0.1573
88 0.0044 0.0052 0.2482 0.00001 0.6797 0.0062 0.1573

by the use of the simplified formalism in Eq. (31).
The simplifying assumptions in Eq. (31) can result in
errors of the order of 5-10% of the total filling in.
Therefore, in the following comparisons with observa-
tions, we compute the filling in by using the more
exact formalism given by Eq. (24).

4. Comparison with Observations

To validate various aspects of the RRS model, we
compared the predicted filling in with observations
from the SSBUV and SBUV radiometers. The
SSBUV radiometer, which flies on the space shuttle,
is the refurbished engineering model of SBUV/2.
The primary mission of the SSBUV radiometer is to
provide regular calibration checks of SBUV/2 instru-
ments, which fly routinely on NOAA satellites, and of
TOMS instruments, which fly on NASA satellites.
Both the SBUV and SSBUV radiometers are nadir-
viewing instruments. The nominal field of view of
both instruments is 11.3° X 11.3°. For the shut-
tleborne SSBUV radiometer, this translates into an
instantaneous field of view (IFOV) of approximately
50 km. For the Nimbus-7 SBUV radiometer, the
IFOV is approximately 200 km. The SSBUV and
SBUV fields of view move approximately 7.6 km/s
and 6 km/s, respectively. The SSBUV instrument is
a double-grating monochromator, which covers wave-
lengths between 160 and 405 nm with a spectral
resolution of approximately 1.1 nm. The SSBUV
instrument also includes a coaligned cloud-cover radi-
ometer (CCR), which has a central wavelength of
379 nm and a spectral resolution of 3 nm.

The first optical element in the Earth-view mode is
a depolarizer that reduces the polarization sensitivity
of the instrument to less than 2%. Kattawar et al.®
showed that the magnitude of the filling in is different
for polarized and depolarized light. All calculations
were made for depolarized light. Polarization effects
on observations should be negligible, except in the
case of horizontal polarization at solar zenith angles
greater than ~70°. For example, the observed filling
in at a solar zenith angle of 90°, assuming a 2%
sensitivity to horizontal polarization, would increase
by ~20%.

Observations of the filling-in effect were taken in
two different operating modes of the SSBUV instru-
ment: the sweep mode and the discrete mode. In
the sweep mode, measurements are made that cover
the full wavelength range of the instrument in nomi-
nal steps of 0.148 nm. The integration time is 0.1 s
for each step. The CCR makes one observation for
every ten monochromator observations in the sweep
mode (integration time 1s). A full spectral scan,
including retrace, takes 192 s. In the discrete mode,
the SSBUV instrument is programmed to make re-
peated observations at 12 preselected wavelengths.
In this mode the monochromator integration time is
1.25 s at each wavelength, followed by 0.75 s in which
the grating is rotated to the next position. Following
the 12th wavelength measurement, the grating takes
8 s to rotate back to the initial starting position. A
complete scan, including retrace, therefore takes 32 s.
In the discrete mode, the CCR integration time is
1.25 s and is fully synchronized with the integration

of the monochromator.

The SSBUV instrument
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Fig. 8. Computed filling in, k, including multiple-scattering and
surface-reflection effects as a function of solar zenith angle at the
SSBUV resolution with A = 393 nm, surface pressure of 1.0 bar,
and reflectivities of 8%, 20%, and 95%.
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Fig. 9. Computed filling in, k, as a function of solar zenith angle at
the SSBUV resolution with X = 393 nm, reflectivity of 80%, and
surface (cloud top) pressures of 1.0, 0.6, and 0.3 bar.



deploys a transmission diffuser in front of its entrance
aperture to make normal-incidence solar irradiance
measurements. Solar irradiance measurements were
obtained in each of the two operating modes described
above. The SBUV instrument, which flew on the
Nimbus-7 satellite, is very similar to the SSBUV
instrument. It has been described in detail by Mc-
Peters?® and references therein.

There are three main sources of error that affect
SSBUV measurements in both of the two modes
described above. The statistical precision of a single
SSBUV measurement is typically of the order of
0.1-0.2% (10) and at worst slightly less than 1%,
which occurs at the low end of the electronic gain
range used for the most intense radiance signals.
These estimates are based on the analysis of solar
irradiance measurements (Hilsenrath et al.?! and
Cebula et al.?23. Another source of error is due to
small wavelength shifts between the Earth radiance
and solar irradiance measurements. The analysis of
solar irradiance measurements show the scan-to-scan
wavelength repeatability to be of the order of 0.02 nm,
which results in a radiance accuracy of at worst
0.18%. However, systematic wavelength drifts as
large as AN = =0.04 nm have been observed within a
single flight. The wavelength drifts were shown to
be roughly correlated with temperature excursions
experienced during the flights. As we show below,
wavelength shifts of this magnitude can result in
significant errors at some wavelengths. A third
source of error results from the inability to correct
completely for scene changes that occur as the instru-
ment field of view moves during the time it takes to
complete a measurement. Because the SSBUV field
of view changes rapidly because of its low orbit, scene
changes can result in significant errors.

We can estimate the combined error resulting from
the three sources described above by examining the
ratio of the radiance measured by the CCR to the
coincident radiance measured at a monochromator
wavelength not affected by RRS. For this compari-
son, we used two different discrete wavelengths near
360 nm and 393 nm where the predicted RRS filling
in was close to zero. After correcting for the differ-
ence in radiance caused by Rayleigh scattering (not
including RRS), we found the standard deviation of
the ratio of the CCR to the discrete wavelength
radiance to be approximately 2.5% for both discrete
wavelengths. As described above, this error is much
larger than that expected from radiance or wave-
length precision. Therefore, most of the error may
be attributed to the inability to correct completely for
scene changes.

It should be noted that small differences in the
spectral resolution between the observed radiance
and irradiance can create a residual in the radiance-to-
irradiance ratio, which resembles the filling in caused
by rotational Raman scattering. Although this effect
has sometimes been referred to as the Ring effect, it
has nothing to do with rotational Raman or other
types of scattering. For our observations, the instru-

ment field of view was fully illuminated for both the
solar and Earth measurements so that the spectral
resolution was identical for both the observed radi-
ance and irradiance.

A. Wavelength Dependence

We first examine the spectral dependence of the filling
in by using SSBUV Earth and solar view data that
was obtained in the sweep mode during two orbits of
shuttle flight STS-56 in April 1993. A total of 26
complete Earth sweep scans were made at solar
zenith angles between 50° and 95°. Several solar
sweep measurements were made throughout the flight
both before and after the Earth-view measurements.

We restrict our study to longer wavelengths that
are insensitive to ozone absorption (i.e., Ao > 350 nm).
However, these wavelengths are sensitive to changes
in cloud cover, surface reflectivity, and solar zenith
angle as the instrument field of view moves. To
account for scene changes, we interpolated CCR radi-
ances to coincide with each step of the monochroma-
tor sweep measurement. The normalized radiance
(radiance divided by the solar irradiance) at each
sweep step was then divided by the interpolated CCR
radiance, resulting in what we refer to as corrected
radiance N(\o). Because the corrected radiance, ne-
glecting the filling-in effect, is a smooth function of
wavelength between 350 and 400 nm, a second-order
polynomial, Q(X\o), can be fit to it. Then the observed
filling in, k%®(\o), is approximately equal to [N(\o) —
QMN\oll/Q(No).

Initial comparisons showed an apparent wave-
length shift of approximately 0.2-0.4 nm between the
observed and computed filling in. The cause of this
apparent wavelength shift was traced to a much
smaller wavelength shift (0.02-0.03 nm) between the
radiance and solar irradiance used to derive ko))
As described above, systematic wavelength shifts of
this magnitude can occur in the SSBUV instrument.
Figure 10 shows the computed filling in, k¢ (solid
curve), at a solar zenith angle of 88°. Also shown is

P e —
I ZFilling 'in at 8,=860 ' !

ZFilling in with —0.02 nm wavelength shift error |
o i E

% Filling in

-2 'l L ! : W
a60 370 380 390 400
Wavelength (nm)

Fig. 10. Computed filling in, k¢, at 6, = 88°, and computed filling
in, ka,, with error caused by a wavelength shift of —0.02 nm
between radiance and irradiance scans.
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Fig. 11. Observed filling in, k° (or corrected radiance residual,
solid curve), from the average of two SSBUV sweep mode scans
with an average solar zenith angle of 87.5°, and computed percent
filling in, k° (dotted curve), as a function of wavelength.

the filling in that would be observed when the Earth
radiance scan is shifted 0.02 nm with respect to the
solar irradiance scan, denoted by ka,, (dotted curve).
In Fig. 10, ka\,, appears to be shifted from k¢ by
~0.2 nm. The magnitude of k) is also greater than
that of k¢ near the peaks of k°.

Figure 11 shows the observed filling in, k° (solid
curve), from the average of two continuous sweep
scans, both taken at high solar zenith angles and
under relatively cloud-free conditions (reflectivities
less than 25%). Also shown in Fig. 11 is the com-
puted filling in, k¢ (dotted curve). Good agreement is
seen between the observed and computed filling in,
with an rms difference of ~0.5(%) and a correlation of
0.88. As described above, most of the difference
between the observed and computed filling in is due to
the inability to correct completely for scene changes.
Other differences may be due to the presence of an
additional absorber such as collisionally induced ab-
sorption by 0,-O,, which has bands at 360.5 and
380.2 nm. The peak effect on radiances at these two
wavelengths was computed by the use of cross sec-
tions from Greenblatt et al.22> The 0,-O, absorption
is a function of solar zenith angle and varies between
0.65% and 0.91% at 360 nm and between 0.32% and
0.48% at 380 nm. The bands are relatively broad,
with a FWHM of 4.8 nm at 360.5 nm and a FWHM of
4.4 nm at 380.2 nm. Anomalous features, such as
the peak at 388 nm, occurred in only one of the scans.
The cause of these spurious features is unknown.
Also shown in Fig. 11 are the wavelengths of the
discrete mode SSBUV observations, which are dis-
cussed below.

B. Solar Zenith Angle Dependence

The SSBUV instrument was programmed to make
RRS measurements in the discrete mode during two
separate experiments on the STS-62 flight in March
1994. The objective of these experiments was to
make many high-accuracy measurements of the fill-
ing in in order to establish its dependence on solar
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zenith angle and cloud effects. The first experiment
involved scanning the instrument back and forth
repeatedly over three wavelengths centered around
the Ca ll K line near 393 nm, as shown in Fig. 11.
Observations at these wavelengths were obtained
during one orbit. In the second experiment, the
instrument was scanned back and forth over the five
wavelengths near 360 nm and was scanned once over
the three Ca ll K line wavelengths. Observations
were made by the use of this wavelength pattern over
four orbits.

As shown in Fig. 11, three of the selected wave-
lengths (393.53, 359.82, and 358.62 nm) occurred at a
positive or negative peak in the RRS spectrum. The
remaining wavelengths (394.42, 392.63, 360.67,
359.26, and 357.70 nm) were chosen such that each
RRS peak wavelength was bracketed by two wave-
lengths at which the filling in was negligible (i.e.,
continuum). The filling-in factor is approximately
equal to the normalized radiance at the peak wave-
length divided by the average normalized radiance of
the two continuum wavelengths. Because the scene
can change significantly over the 6 s required to make
three discrete wavelength observations, it was neces-
sary again to correct for the scene changes caused by
changing solar zenith angle and reflectivity. To ac-
count for scene changes, we divided the normalized
radiance at each discrete wavelength by the coinci-
dent CCR radiance. Computing k¢ in this way can-
cels out any effects that are approximately linear with
wavelength over the small wavelength range of the
three discrete observations.

In Fig. 12, the observed filling in is shown as a
function of solar zenith angle for each of the three
peak wavelengths. The data were screened so that
only relatively cloud-free scenes (reflectivities less
that 25%) were included. Data points in Fig. 12
represent the mean filling in averaged over 5° solar
zenith angle bins. Error bars represent the stan-
dard error of the mean. There were approximately
25 data points per bin. Also shown in Fig. 12 is the
theoretically predicted filling in, which was computed
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Fig. 12. SSBUV observed mean filling in as a function of solar
zenith angle at 393.5, 359.8, and 358.6 nm, with error bars
indicating the standard error of the mean obtained in relatively
cloud-free conditions (reflectivities <25%).



at a surface pressure of 1 bar and a reflectivity of 8%.
The predicted filling in agrees with the observed
filling in at 359.8 nm to within the accuracy of the
measurements. However, at at 358.6 nm there ap-
pears to be an offset between the predicted and
observed filling in. At 393.5 nm it is unclear if the
solar zenith angle dependence of the model agrees
with the observations.

We used continuous scan data from the SBUV
instrument to examine further the solar zenith angle
dependence of the filling in. Figure 13 shows the
observed and predicted filling in at wavelengths simi-
lar to those used in the SSBUV discrete measure-
ments. The exact wavelengths used were 394.52,
393.52, 392.52, 360.74, 359.94, 359.14, 358.54, and
357.94 nm. One reduces the noise in the SBUV data
by averaging over a large number of points in each bin
(approximately 700 points per bin). The SBUV mea-
surements were also made at solar zenith angles
down to 0°. The dotted curve in Fig. 13 is the
predicted filling in multiplied by an empirical offset
value of 1.05. It is apparent that even though the
observed filling in differs from the predicted filling in
by a constant factor at both wavelengths near 360 nm,
the solar zenith angle dependence agrees quite well at
these wavelengths. However, at 393.5 nm, the solar
zenith angle dependence of the observed filling in
appears to deviate from the predicted filling in at
solar zenith angles greater than ~40°.

Figure 14 shows the ratio of the filling in observed
with the SSBUV instrument to that observed with
the SBUV instrument. The offsets are due to the
use of slightly different wavelengths. The ratios
appear to be relatively constant with solar zenith
angle at all three wavelengths. Because the same
effects are seen in two different instruments operat-
ing in two different modes, the difference between the
observed and computed filling in at 393.5 nm is not
likely to be due to an instrumental effect. The
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Fig. 13. SBUV observed mean filling in as a function of solar
zenith angle at 393.5, 359.9, and 358.5 nm, with error bars
indicating the standard error of the mean obtained in relatively
cloud-free conditions (reflectivities <25%). Solid curves are the
computed filling in, and the dotted curves are the computed filling
in multiplied by an empirical offset.
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Fig. 14. Ratio between filling in observed with the SSBUV and
SBUV instruments as a function of solar zenith angle (solid curves)
for 393.5, 359.9, and 358.5nm. Dotted lines are the ratios
averaged over all solar zenith angles.

difference between the observed and computed Ring
effect near the 60° solar zenith angle at 393 nm is not
understood.

Although in our model we do not explicitly consider
Mie scattering in the atmosphere, previous calcula-
tions have shown that at non-ozone-absorbing wave-
lengths, the effect of aerosol scattering on the buv
radiances can be modeled accurately by the use of the
concept of Lambert-equivalent reflectivity (Bhartia et
al.24). In this concept one accounts for Mie scattering
by increasing the surface reflectivity in the simple
Rayleigh model we described above. Observations
made with the TOMS instrument on the Nimbus-7
satellite indicate that this simple concept works well
in most cases in predicting the wavelength depen-
dence of spectral radiance in the 310-380 nm range.
It is possible that the effect of Mie scattering on RRS
cannot be modeled so simply. However, it is hard to
understand why such an effect would show up at
393 nm and not at other wavelengths.
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Fig. 15. SBUV observed mean percent filling in as a function of
solar zenith angle at 285 nm. The solid curve is the computed
single-scatter filling in and the dotted curve is the computed filling
in multiplied by an empirical offset.
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Fig. 16. SSBUV observed mean percent filling in as a function of
reflectivity at 393.5, 359.8, and 358.6 nm, with standard error bars
for solar zenith angles between 35° and 70°.

Finally, to verify Eqg. (1), we examine the filling in at
wavelengths short of 290 nm, where most of the
observed backscattered radiation is due to single
scattering. The solar zenith angle dependence of
RRS comes primarily from 1 — fy in Eq. (1), which
depends on the first order of scattering in the atmo-
sphere. Figure 15 shows the observed filling in at
the Mg I line near 285 nm as a function of 6, averaged
over 10° solar zenith angle bins. The solid curve is
the theoretically predicted filling in, and the dotted
curve is the predicted filling in times 1.05. There
were approximately 2000 separate observations in
each bin, which greatly increased the signal-to-noise
ratio of the binned averages over that of a single
observation. Although there appears to be a 5%
offset between the predicted and observed filling in,
the solar zenith angle dependence of the observed
filling in agrees very well with the predicted filling in.

C. Cloud Effects

In Fig. 16 the observed filling in at the SSBUV
discrete mode wavelengths is shown as a function of
reflectivity for solar zenith angles between 35° and
70° (the solar zenith angle dependence over this range
is small). Data points indicate the mean filling in
averaged over reflectivity bins of 0.1 or 10%, with
error bars representing the standard error of the
mean. Similar results were observed in SBUV con-
tinuous scan data. As expected, the observed filling
in decreased with increasing reflectivity. An in-
crease in reflectivity may be interpreted as an in-
crease in cloud fraction. A qualitative comparison of
the observations with model predictions will not be
made here, as individual observations depend on the
cloud height and solar zenith angle. Adetailed study
of cloud effects on RRS filling in has been made by
Joiner and Bhartia.?®

5. Conclusions and Future Research

Good agreement was obtained between our model of
buv rotational Raman filling in and the filling in
observed with both the SSBUV and SBUV instru-
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ments. The spectral characteristics of our model
agree well with the observations. The dependence of
the RRS model on solar zenith angle agrees well with
the observed filling in in the case of single scattering.
The observed solar zenith angle dependence of the
observed filling in agrees in general with that pre-
dicted by our model in the case of multiple scattering,
although some small differences were seen. We have
also shown that, as expected, the magnitude of the
filling in decreases in the presence of clouds.

The type of analysis presented here can be also be
applied to shorter wavelengths, which are sensitive to
ozone absorption. It may be possible to detect small
errors in forward radiative transfer calculations after
RRS has been accounted for. The rotational Raman-
scattering model will also be used to derive an RRS
radiance correction that will be applied to TOMS and
SBUYV ozone-retrieval algorithms.

The authors thank the entire SSBUV team, espe-
cially P. DeCamp, T. Kelly, K. Laaman, and J. Leitch,
as well as personnel at International Development
and Energy Associates, Inc., for operations and assis-
tance in obtaining and processing the SSBUV data.
We also thank T. Swissler and J. Gleason for helpful
discussions.
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